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The observation of electron emission from amorphous carbon thin films at low applied electric fields
is explained in terms of an enhancement of the field brought about by dielectric inhomogeneities
within the film. These inhomogeneities originate from the differences between conductive, spatially
localized sp2 C clusters surrounded by a more insulating sp3 matrix. By a more complete
understanding of the concentration and distribution of the clusters, a generic model for field
emission from amorphous carbon thin films can be developed. Extensions of this model to explain
the emission properties of carbon nanotubes and carbon nanocomposite materials are also presented.
© 2001 American Institute of Physics. @DOI: 10.1063/1.1366369#The possible use of amorphous carbon (a-C) and hydro-
genated amorphous carbon (a-C:H) based materials as cold
cathodes has now been well documented.1,2 To date there
have been numerous reports of field emission ~FE! at low
macroscopic electric fields from a range of a-C and a-C:H
based materials.1–4 In the case of emission from diamond-
like carbon ~DLC! films it has been reported that, the main
barrier which controls emission may lie at the front film/
vacuum interface.3 By contrast, for low defect density
polymeric-like carbon ~PAC! a-C:H films the presence of a
heterojunction at the a-C:H/Si rear contact, resulting in hot
electron transport through the film has been proposed.4 This
model was used to explain the observed strong dependence
of the threshold field (E th) with film thickness.5 Although the
different types of film possess different physical properties
and emission has been explained by different mechanisms, it
has been observed that emission is often highly nonuniform
across the film surface.3,4,6 One of the major problems hin-
dering the development of thin film carbon cathodes is the
lack of understanding of a definitive mechanism for emission
at low applied fields, typically ,20 V/mm.3–7
Emission from flat metal surfaces often requires fields in
excess of 500 V/mm,2 whereas previous atomic force micros-
copy ~AFM! studies of a-C and a-C:H films have indicated
that the films possess rms roughnesses of less than 1 nm,1–4
along with no evidence of surface protrusions which can act
as a source of geometric field enhancement. Two recent stud-
ies by Ilie et al.8 and Carey et al.9 have proposed that it is the
sp2 C cluster size and concentration that play an important
role in the FE process. In the study by Ilie, an optimum
cluster size for emission of 1.5–2 nm was proposed. Carey
showed that for a-C:H films deposited at different self-
biases, the FE could be explained in terms of the connectiv-
ity between sp2 clusters. In this letter, we examine whether
there is any dependence of E th with thickness for DLC films
and compare these results to the behavior reported5 for PAC
films. Scanning tunneling microscope ~STM! images of the
DLC films, show that while the films may be atomically
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which are attributed to dielectric inhomogeneities within the
film. Due to the shape of the field lines emanating from these
inhomogeneities, we propose that they give rise to an en-
hancement of the electric field which plays an important role
in the FE properties of these films.
a-C:H films were deposited on the driven electrode of a
Plasma Technology DP800 capacitively coupled radio fre-
quency ~13.56 MHz! plasma enhanced chemical vapor depo-
sition system using n-type ~1–2 V cm! ~100! Si as a substrate
material. During deposition feed gases of methane ~30 sccm!
with He ~75 sccm! were used. The total deposition pressure
was 200 mTorr and the self-bias on the driven electrode was
altered by changing the rf power. Film thicknesses were
measured using ellipsometry. The FE characteristics of these
films were examined using a sphere-to-plane geometry in
which a 5 mm stainless-steel ball bearing is suspended 40
mm above the surface at a high positive potential in a
vacuum better than 431026 mbar. The high voltage is
stepped up and down four times. Although a spherical anode
is used the electric field between the anode and the surface of
the film can be modeled as a parallel plate. Using a sphere-
to-plane electrode arrangement, local areas under the anode
are tested rather than sampling all sites on the cathode sur-
face as in a planar diode arrangement. Each film is tested in
a number of different positions to act as a measure of the
reproducibility of the emission. In some of the samples a
high initial electric field is sometimes required before the
onset of stable emission. This is evidence of ‘‘conditioning’’
of the film and in some cases is accompanied by surface
changes. The threshold field is defined as the macroscopic
electric field which gives an emission current of 1 nA. STM
measurements were made in ambient conditions using a
Digital Instrument Nanoscope IIIa employing a high resolu-
tion A scanner and using a sharpened Pt–Ir tip.
In order to investigate the possible FE mechanisms
present in these films, a series of films of different thickness
were grown at self-biases of 290 and 2265 V. This comple-
ments the work presented in an earlier paper for a series of
low bias ~approximately 210 V! PAC films.5 The variation9 © 2001 American Institute of Physics
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with the data reported previously for the PAC films,5 is pre-
sented in Fig. 1. It is apparent that over the range of thick-
nesses examined no discernible trend of E th with thickness is
observed for the films deposited at the higher biases. The
average value of E th for the films deposited at 290 V bias is
20 and 12 V/mm for the films deposited at 2265 V bias. The
explanation of observed thickness dependence of E th for the
PAC films was based on the electrons at the back film/Si
heterojunction experiencing the applied field from the front
surface and being accelerated towards it by the large internal
field at the back contact.4,5 Such an explanation is plausible
when it is noted that the defect density in these films is low,
being ;331017 cm23.9 These defects have been associated
with the more conductive sp2 clusters within the film. Field
lines from the positively charged anode will terminate on
these defects and result in localized screening of the field at
the defect. However, the density of defects in the PAC films
is too low for any global screening of the field to occur. In
the case of the DLC films the defect density is 4
31018 cm23 ~290 V! and 1.831020 cm23 ~2265 V!.9 In the
films with the higher defect densities, particularly in the film
deposited at 2265 V, a sufficiently large surface charge den-
sity is present, arising from the areal defect density of
;1015 cm22, to effectively screen the applied field to within
a short surface layer. The film deposited at 290 V bias is
intermediate between the PAC films and film deposited at
2265 V bias.
Since the defects are believed to be located near to the
Fermi level of the film9 the emission mechanism can be
viewed as being Fowler–Nordheim ~FN! tunneling into the
vacuum. In this way the FE is determined by the properties
of the film near to the front surface. The AFM images of
these samples, not presented here, show that they possess a
rms roughnesses of less than 0.6 nm. If a FN emission pro-
cess is present then it is necessary to explain the large en-
hancement factors, typically several hundred, required to
lower a barrier by 4 eV.5,7,10 In order to explain the origin of
these large values of b, high resolution STM images of the
FIG. 1. Variation of threshold field against film thickness for DLC films
deposited at 290 V ~h! and 2265 V ~j! self-bias. The data for the PAC
films ~d! reported in Ref. 5 are also included.Downloaded 28 May 2002 to 131.227.76.10. Redistribution subject DLC film grown at 2265 V have been performed and pre-
sented in Fig. 2. It is evident from the STM images that the
conductivity of the film is not uniform. There are a number
of localized high conductivity regions of 1–2 nm in dimen-
sion surrounded by a more insulating matrix. The STM re-
sults can be interpreted as resulting from a series of closely
spaced localized conductive sp2 regions which under the ac-
tion of the applied field electrons may hop from one spatially
localized cluster to another.9 In the continuous limit this will
produce a conducting channel or filament which can extend
through the bulk of the film. Field enhancement due to a free
standing ‘‘protrusion’’ of length h and radius r can be ap-
proximated as h/r .11 If r is taken to be in the range of 1–2
nm, obtained from the STM measurements, then for a b
value in the range of 100–300, say, h must be at least 100–
600 nm. Such a large well defined feature having a continu-
ous pathway has never been observed using high resolution
electron microscopy ~HREM! ~in either plan or cross section
view!. To date only well ordered microstructural region of
about 1 nm has been observed using HREM.12 This leads us
to conclude that an alternative source of enhancement must
be present.
We propose the enhancement is due to the different di-
electric and conductive properties of the sp2 clusters when
compared with surrounding sp3 insulating matrix. Field en-
hancement near a single conductive dielectric sphere in a
insulating matrix, is well known13 and originates from the
dielectric mismatch between the two materials and typically
can give small enhancements of 1–2. Chaumet and Dufour14
have considered the effects of the presence of two closely
spaced dielectric spheres at an arbitrary orientation relative
to the orientation of the applied field. Their calculations
show that if two such conductive spheres, with the conduc-
tivity of gold, are placed 5 nm apart enhancements of 56 can
be obtained which increases to over 400 for a 1 nm separa-
tion. Although the conductivity of the sp2 clusters will not
be as high as Au, this classical electrostatic calculation
shows that higher enhancement factors can be obtained by
considering the effects of more than one conducting spheres
near the surface. Relating this to nanoscale sized sp2 clus-
ters, the emission process for DLC films can be explained as
follows: the high density of defects will act as to localize and
attract the field lines from the anode. In a thin region near the
sur-
FIG. 2. High resolution STM image of the surface of the DLC film depos-
ited at 2265 V bias showing regions of different conductivity.to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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will result in different regions ~sp3 or sp2! experiencing dif-
ferent local fields. Additional field enhancement will occur if
two ~or more! sp2 conductive clusters are nearby. Once the
electrons are emitted from the clusters they may be replaced,
via a hopping transport mechanism, by electrons from clus-
ters deeper within the film. Such a description also helps
explain the origin of the localized emission across the sur-
face of the film which is dependent upon the local arrange-
ment of the clusters near the surface.
By using these results it is possible to present a unified
description of the emission process from a-C:H based mate-
rials, as shown in Fig. 3, where the defect density versus
optical Tauc gap is presented. The spin density may be used
as an indicator of the extent of field penetration and the con-
nectivity of the sp2 clusters.9 The use of the connectivity
within closely spaced clusters on a three-dimensional scale
has recently been explained by Khan et al. which resulted in
delocalized carriers transport in ion implanted a-C:H films.15
The Tauc gap is a measure of the type of material and size of
the clusters.3 The low defect density PAC films possess a
wide optical gap in which a high degree of field penetration
occurs and the emission process is one that is largely con-
trolled by the hetrojunction at the back a-C:H/Si interface.
The emission from high defect density DLC films is con-
trolled by the front surface and internal enhancement due to
closely spaced clusters and the ability of electrons to hop
from one cluster to the next. This also applied to other high
defect density materials such as undoped tetrahedral amor-
phous carbon (ta-C) films. It is interesting to note that in the
studies by Zhao et al.16 and Ilie et al.17 that no dependence
of the threshold field with film thickness for ta-C films was
observed, consistent with the model proposed here.
The FE properties of CNTs and carbon nanocomposite
~CNC! films may also be explained within the confines of
Fig. 3. CNTs have been located towards the low optical gap,
low spin density region since these materials can be consid-
FIG. 3. Schematic representation indicating the main factors which govern
electron emission from a range of amorphous carbon based materials. The
magnitude of the spin density will indicate the extent of field penetration
and the Tauc gap will indicate the size of the sp2 clusters.Downloaded 28 May 2002 to 131.227.76.10. Redistribution subject ered to be rolled up graphite sheets with a small band gap.
The defect density in these materials is a result of the pres-
ence of odd five- and sevenfold membered rings usually
found towards the end of the CNTs. The emission from these
materials is largely controlled by the high geometric en-
hancement. The FE properties of ~CNC! films, consisting of
nanotubes and nanoparticles embedded in a-C matrix, have
also been recently studied.18 These films would have a high
band gap but, but unlike the PAC film, also have a high spin
density due to the highly stressed nature of the deposited
films. In this type of film it has been shown that the emission
has been controlled by the heterojunction between the gra-
phitic nanoparticles and the a-C:N matrix as well as the high
internal b factor. In this way the FE from these materials is a
combination of both the hetrojunction interface between the
nanoparticles and the matrix as well as being controlled geo-
metric enhancement effects.
In conclusion, the FE from different types of a-C:H
films have been examined. STM measurements of DLC films
show variation of the conductivity across the film surface
with nm sized conductive regions surrounded by a more in-
sulating matrix. A model of field enhancement based upon
the internal dielectric inhomogenities has been developed to
explain the origin of the FE from DLC films. Extensions of
this model to other forms of carbon based emitters have been
proposed which may be used to explain many of the experi-
mental observations from the different types of emitters.
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